ABSTRACT 


Halley-type comets tend to have a series of dust trails that remain spatially correlated for 
extended periods of time, each dating from a specific return of the comet. Encounters with 
I - 9 revolution old individual dust trails of 55P>TempeMuttle have led to well recognized 
Leonid shower maxim, the peak time of which was well predicted by recent models. Now. 
we used the same model to calculate the position of dust trails of comet 8P/TuttJe, a Halley- 
type comet in a ~13.6-year orbit passing just outside of Earth’s orbit. We discovered that 
the meteoroids tend to be trapped in the 14:12 mean motion resonance with Jupiter, while 
the comet librates in a slightly shorter period orbit around the 13:15 resonance. It takes 6 
centuries to change the orbit enough to intersect Earth’s orbit. During that time, the 
meteoroids and comet separate in mean anomaly by 6 years, thus explaining the unusual 
aphelion occurrences of Lrsid outbursts. The resonances also prevent dispersion, so that 
the dust trail encounters (specifically from dust trails of AD 1378 - 1405 ) occur only in one 
year in each orbit. We predicted enhanced activity on December 22, 2000, at around 7:29 
and 8:35 UT from dust trails dating to the 1405 and 1392 return, respectively. This event 
was observed from California using video and photographic techniques. At the same time, 
five Global-MS-Net stations in Finland, Japan and Belgium counted meteors using forward 
meteor scatter. The outburst peaked at 8:06±07 UT, December 22 nd , at Zenith Hourly Rate 
- 90 per hour. The Ursid rates were above half peak intensity during 4.2 hours. This is only 
the second Halley type comet for which a meteor outburst can be dated to a specific return 
of the parent comet, and traces their presence back form 9 to at least 45 revolutions of the 
comet. New orbital elements of Lrsid meteoroids are presented. We find that most orbits 
do scatter around the anticipated positions, confirming the link with comet 8P/Tuttle and 
the epoch of ejection. The 1405 and 1392 dust trails appear to have contributed similar 
amounts to the activity profile. Some orbits provide a hint of much older debris being 
present as well. Some of the dispersion in the radiant position may reflect a true variation 
in inclinations, with two groupings at low and high values, which is not understood at 


present. 
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minor annual meteor shower in Ursa Minor (Denning J9I2). but the weak nature of the shower 
prompted him to add that such a relationship "may be an accidental accordance" (Denning I92J ) 

8P/Tuttle is a Halley-type comet with an orbital period of about 13.6 years, which during its most 
recent return in 1994 has passed outside of Earth’s orbit at a relatively large distance of +0.06J 
At (Marsden 1995). These Ursid outbursts are very unusual, because they occur when the parent 
comet SP/Tuttle is near aphelion. This is such a strange phenomenon that we assigned "far- 
comet" status to these outbursts in our earlier study (Jenniskens 1995). We now know that other 

far-comet type outbursts are associated with long-period comets, instead, leaving the Ursid case 
an orphan. 

The comet was about to be back at aphelion in March of 2001. when we considered the 
possibility of another Ursid outburst in December 2000. Application of the Leonid shower 
prediction models to the Ursids in early December revealed that Earth was about to cross the dust 
trails of 1405 and 1392 on December 22, 2000. If confirmed, this would be only the third time 
that meteors are traced to a specific epoch of ejection (following Leonid and Draconid 
predictions;. Moreover, the predictions identified dust trails about 328 years older than any trails 
discussed to date. Still, on the time scale of space weathering, these Ursid meteoroids, just like 

the Leonids, are relatively fresh cometary ejecta, not much affected by weathering in the 
interplanetary medium. 

The prediction was summarized in a December 2000 issue of WGN, the Journal of the IMO , a 
preprint of which was widely circulated on the internet and in the astronomical community prior 
to the shower (Jenniskens and Lyvtinen 2000). An announcement was made as well in the IAU 
Circular (Jenniskens 2000a). In order to confirm the forecast, video and photographic 
observations were deployed in California, while radio forward meteor-scatter observers 
worldwide gathered meteor counts. Early reports on those observations confirm that an outburst 
occurred around the predicted time at the anticipated level of activity (Jenniskens 2000b, 
Jenniskens and Lyvtinen 2001 ). 
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Th,s paper elaborates on these early papers by comparing the results of the observattotts to the 
predictions that were made. New results from the video observattons are presented. We will 
discuss the role of mean motion resonances in the orbital evolution of the Urstd dust trails 44 and 
45 revolutions after ejection from the comet and conclude that Ihe observations may show a 
more complex scenario than originally envisioned. 


2. PRIOR OBSERVATIONS 


The (Jrsid Filament 

Let us firs, examine other manifestations of the Ursid shower in recent years, to show the 
unusual aspects of these aphelion outbursts. The annual Ursid shower has a peak Zenith Hourly 
Rate (ZHRj of - 8 hr and has a ZHR > 1 hr 1 between about December 18 to 25 (Jenniskens 
1994). Planetary perturbations have dispersed this dust sufficiently wtde and all along the come, 

orb,, for annual encounters with Eattb. This component represents a minimum activity i„ such 
quiet years as 1998 and 1999. 


On top of that, there are frequent outbursts when the comet is near perihelion. Figure I shows the 
rate of meteors detected by forward meteor-scatter above the normal daily activity between 
December 19 to 24. Shortly before the comet’s return in December 1993. Bob Lunsford of Mt. 
Laguna, California, observed the ascending branch of an outburst rising to ZHR^, = 100 hr 
^ ^ eteors were of a verage brightness, with a magnitude distribution index r = N(m+I)/Nfm) = 
-.X Japanese observer H. Shioi observed the peak the next year in 1994 (Ohlsuka et al. 1995) 
from which we have ZHR„„ = 50 hr ' (r = 2.6). After that, rates gradually declined In 1996 
rates were still elevated a, ZHR^, -- 25 hr ' (Langbroek 1997), and of order ZHR X ,6 hr ' ,n 
1997 (our work,. No significantenhanced activity over the normal annual shower rates occurred 
m 1999. Moreover, similar outbursts were observed during the previous return of the come, bv 
Japanese observers in .981 (Ohtsuka 1994, and by Jos Nijland and Hans Breakers of the Dutch 
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Meteor Society in 1982. who observed the descending branch starting at ZHR - 35 hr' (our 
work ). 

These perihelion outbursts occurred at a significantly different point in the orbit than the 1986 
outburst, about 6 hours earlier, and were significantly wider. We have B = 2.5±0.5 degree 1 if the 
zenith hourly rate has the functional form (Jenniskens 1994): 

ZHR ~ JO 

with solar longitude A 0 a measure of time, or a Lorenz curve width of full-width-at-half- 

maximum W _ 0.35+0.05 if the function form is a Lorentz profile as in the case of the J999 
Leonid meteor storm (Jenniskens et al. 2000): 

ZHR ~ (W/2) : / ( ( A 0 -A 0 "“‘) 2 -( W/2) : ) (2) 

The Lorentzian curve adds a tail to the exponential center that is well described by Eq. J. The 
width is wider than for typical dust trail encounters of the Leonids and Draconids, which have a 
full-width-at-half-maximum about a factor of ten smaller (Jenniskens 1995). 

The activity profiles describe the nodal distribution of the orbits and dispersion of dust along the 
comet orbit. The only other information on the dynamical properties of this dust are a senes of 
thirteen outburst Lrsid orbits obtained from two-station video observations in California over a 
penod of 4 hours in December of 1997 (Table I - orbits with prefix "97"). The radiants of these 
orbits show significant scatter with a wide range in Right Ascension, more than in Declination, 
even without 3 possible outlayers (Fig. 2). The mean of the ten orbits that are most clustered is 
listed in Table II. This suggests significant planetary perturbations, consistent with the relatively 
large nodal dispersion. Also, note that the orbits significantly differ from that calculated by 
Ceplecha for the 1945 Ursid outburst (Table II). 

Aphelion Outbursts 

The aphelion outbursts (Figure 3) happened when the comet was near aphelion and, remarkably, 
stood alone with no other outbursts in 1946 (Ceplecha 1951 ) and no sign of an outburst ,n rad.o- 
MS data in 198/ (Jenniskens 1988c). The 1945 outburst happened 6.089 yr. after perihelion 
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The SP/Tutile Dust Trails 


That hypothesis has the exciting prospect of predicting possible Ursid outbursts in December of 
2000 and beyond, analog to recent predictions of Leonid returns (Lyytinen & Van Flandem 
2000). In recent years, relatively simple meteoroid stream models have been developed that have 
proven very successful in predicting the encounter of Earth with comet dust trails of 1- 4 
revolutions old, but with less good results for dust trails 5 - 9 revolutions old (Kondrat’eva & 
Reznikov 1985, McNaught & Asher 1999, Lyytinen 1999). Recently, we worked to improve the 
models in order to have a better agreement with observations for these somewhat older trails by 
including non-gravitationa! effects due to radiation pressure (such as the seasonal Yarkovski 
effect) that continue to accelerate the grains over time, called the ”A2 effect" in analogy with the 
effects of mass loss on comet orbit dynamics (Lyytinen and Van Flandem 2000). In our model, 
the A 2 effect is simulated by slightly changing the speed of the meteoroids at each perihelion, 
the magnitude of which is determined by our Leonid observations in 2000 (Lyytinen et al., in 
prep.). 

We were now ready to take that model a step further and consider dust trails of several tens of 
orbits old. Comet 8P/Tuttle has an orbit outside of Earth's orbit. For a meteoroid to hit Earth, the 
particles perihelion distance (q) has to move inward to the Sun. Our investigation of the orbital 
dynamics of the Ursid meteoroids show that only trails no younger than several hundred years 
back intersect Earth's orbit today. 

As before, we calculated the orbital evolution of dust trails ejected over the past 800 years 
ending up in orbital resonances close to that of the comet. The J2000 planetary orbits were 
adopted from the JPL database. The comet orbit was taken from the IAU Minor Planet Center 
database (Marsden 1995). The comet and planet orbits were backward integrated for 2000 yrs, 
allowing for the non-gravitational A2 term and for the gravitational effects of the planets. We 
used an orbit integrator of our own design. The Al parameter was not modeled because it has 
ver\ little effect on the orbit integrations. Then we generated orbits of test particles having the 
orbital elements of the cornel at perihelion, but having different semi-major axis (a+Aa), and 
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integrated those orh.ts to the present „me (using the grav.tattonal effects of the major planets 
except Pluto). p 

We plotted the result, ng differences between the radial distance of dust trail and Earth (rD-rE) as 
a functon of penhelton ttmet this type of plot givtng . rapid overview over even the most 
chaotic trails. For example, figure 4 shows the position of the dus, panicles of the ,392 dus, 
ejecta in time of ecliptic plane crossing (horizontal axis) and space in terms of rD-rE around the 

r ° f the December 1945 0Ulb ™- — » - ~e„, trails for the Leonids or Dracomds 
ese ancient dus, trails are far from well-behaved lines. Close encounters with Eanh cause 

requen, gaps ,n the trails. Sometimes, there are more or less conserved trail fragments (trade, s> 

“ tn other cases a chaotic cloud of panicles is all tha, remains as a result of plane, arv 
perturbations on an old ,ra„. Neighbonng panicles this cloud may have q u,,e different orbital 
elements, which makes the prediction of peak times uncertain. 

The results were checked by Hartwig Leuten (Pnv. Comm., using a mode, including both the A, 

A. ten™ and using the Kll orbit integrator, version 3.0 by Chnstian Clowmsk, a, an 

accuracy actor of 50 (for the come, integration) or 25 (or the trail computation), and found 

*oo agreement with our calculations, with less than 0.0001 AU difference in rD-rE after 46 
revolutions. 

::rr ,he h rr var,a,io " s of q of ,he parent comei - we find ^ * *»« — 

could have resulted in a dus, trail close to Earth s orb,, a, the present time. We examined a 
umber of those trails to identify the ones likely to cause an outburst (Figure 4). Of course, many 

s.gmficZ CnC0UmerS fUnher m t,mC may C ° mribute as we,) - those should be less 


™ itrr i.wf 2 can accouni f ° r ,he 1945 ° u ' burs '- when the m, “ d,s,a " ce - ^ 

E - rO.OO, AL (Figure 5). The trail ,s stil, wel, behaved a, the p„,„, 0 f intersection, indicated 
v an arrow. The computed maximum from the model. Dec 22. 18:29 L'T. ,s compatible w„h 
e meteor stream activity curve p,„„ e d in Jenmskens ,1995). although the descending arm of 
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this curve remained unobserved. Integration forward to 2000 shows that this same trail can 
perhaps produce a meteor outburst in December 2000 at solar longitude 270.808 (J2000). 
However, the miss distance (rD-rE) has increased to +0.0038 AU (Fig. 4). Note that in our earlier 
calculations, which did not include the A2 effect, we found a slightly smaller miss distance of 
+0.0035 AU (Jenniskens and Lyytinen 2000). 

We find that a trail from dust ejected 44 revolutions back in the year 1378 is the likely source of 
the 1986 outburst (Figure 6). The trail comes close to Earth's orbit and the timing is to within 
0 °1° from the observed value. This particular trail folds on itself and a 100 times higher local 
density of model particles is needed to get a good view of the position of the trail near Earth’s 
orbit. Figure 6 shows two small trail fragments that approach Earth's orbit at the time of the 
December 1986 Ursid outburst. The first trailet (top Fig. 6) shows a regular course, with the 
exception of two test particles. The orbital elements of the particles near the intersection (cross) 
have a node at 270.934 (J2000), which is close to the peak of Figure 3. The trailet is stretched out 
significantly at the point of intersection, which would have lowered the expected dust density. 
We conclude that if the encounter had been a few weeks later, the Ursid shower would have been 
1-2 orders of magnitude more intense. The second fragment of the 1378 trail (Figure 5b), with a 
higher original Aa, does also encounter Earth at the expected time. This trailet was sampled with 
a particle density of only 40 times higher than normally used. The encounter is at 270.816 
(2000.0). The trail is less stretched out and would have given higher dust densities, but the dust 
density falls off exponentially with Aa, adding up to a factor of 10 compared to the first trailet 
dust density. This would account for the lower observed ZHR - 20 at that time. The observations 
are not sufficiently accurate to tell if this trailet was there. The same trail is near Earth s orbit as 
well in December of 2000. when the encounter occurs at solar longitude 270.82 (J2000). but at a 
distance of +0.0069 AU and at +0.025 AU for the two trai lets, respectively (Figure 4). 

Rather, it is the next 45 revolution old trail (to this year) of 1405 that is a prime candidate for an 
outburst in December 2000. Figure 7 shows in a dense model that a well-behaved trail segment is 
near Earths orbit at the time of the December 2000 encounter. Ii has a small rD-rE = -0.0013 AU 
at solar longitude 270.759 (J2000) The trail curves on itself right at that point in time and the 
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local das, density ,s relatively high. „ar initial study (Jenniskens and Lyytmen. 2000, .we did 
no, include non-grav„a„onal perturbations and noticed that the reversion in the dus, trail did no, 
reach the po.nt m time of the encounter. If true, the dust would only have start crossing the 
art s orbit a day too late. However, after including the A2 effect, we now confirm that the 

(Figure 7) 0 ^ tfai1 ^ '° ^ ° UtburSt date Wlthout affecting rD-rE 


The Cause of the 6 -year Lag 


Figure 7 shows a compilation of the dust trails of 1365. 1378. 1392 and 1405. each point 
representing the crossing of a particle through the ecliptic plane a. the given time (X-axis, and a, 

" rD ' fE - V “ ,S rD ' rE = ° COn ~ » ^rth, position on December - 
in, e given year. We find th.t the majority of particles is only near Earths orb,, December of 

■ : 7 Par, ' CleS " earby in "* year before 0r ™* » "7 agreement with observations 

Which showed outbursts only in 1945 and 1986. but not in 1946 and 1987. 

The mode, also has panicles encounter Earth only 6 years after the passage of the come, (marked 

’ S “ re ' Th£ reas °" f0r ,h,S ,S ' ha ' ,he P an ' cles are mostly trapped in orbital resonances The 
come, cunently libra, es around the "high- ,3:15 mean motion resonance with Jupiter. Because 

o ra 'anon pressure effects on the particles, they tend to get into slightly longer orbital penods 
an the come, and end up trapped in the mean motion resonance ,2:14 (. 6.7). Because i, takes 
the particles longer to travel around the Sun. they wil, gradually move away from the come, If a, 
ese resonances the libra, ions are small, meaning tha, the parttcles wil, keep near the center of 
I e Window . then there will be a systematic decrease of the perihelion distance «,, more 
rapidly than for the come, itself, ultimately leading necessary Earth crossing to see an Ursid 
out urst. h,s decrease of q ,s though, to be the result of planetary perturbations from Saturn 
and ,n lesser extend from Uranus and Neptune. Note, however, tha, near the leading edge of the 
resonance, the particles may have close encounters w„h Jupiter tha, will increase q ,„ s ,ead 
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We find that it takes about 6 centuries for dust to move close to Earth's orbit. During that time, 
the separation of the particles and comet in mean anomaly, as a result of the difference in orbital 
period, increases to 6 years. This is a natural explanation of why the 1986 and 1945 outbursts 
occurred about 6 years after the comet's closest encounter with Earth's orbit, or near aphelion. 
We also find that the resonances effectively confine the dust to a single year return, thus 
explaining the lone nature of the outbursts. 

Younger trails than 1405 are found nowhere near Earth's orbit (Fig. 4). The 1419 trail has rD-rE 
— +0.075, while the next trail from 1433 has rD-rE = +0.084 AU. These particles seem to be 
pushed mostly into the next resonant window 11:13. Most particles in this resonant window are 
from early orbits around the years AD 1100 - 1200. We find that these dust trails may cause 
another Ursid outburst in 2002. Overall, we see particles accumulate mostly in the 6:7 orbital 
resonance, which may be the main reservoir for particles in the Ursid Filament. 

The big difference between the trails from 1405 and 1419 is caused by a Jupiter encounter at 
about 0.86 AU of the parent comet in 1462. Between the 1460 and 1474 encounters, the 
perihelion distance of the comet increased +0.026 AU. The particles released in 1419 (that cross 
the ecliptic at the descending node near Dec 22, 2000) are about two months behind the comet in 
1462 and in part share this increase, more so than panicles released in 1405. As the difference in 
rD-rE between both trails is now bigger than about 0.02 AU, it may suggest that the Jupiter 
encounter sets the panicles from 1419 into an unfavorable librational status. The dust panicles, 
that escaped before this into a longer period orbit made a more distant encounter and so got more 
"advantage" to decrease the penhelion distance. The earlier the particles were ejected, the bigger 
the advantage. Particles ejected several revolutions earlier got into other unfavorable 
circumstances. Hence, there was this region of a few revolutions that seemed to be the most 
favorable to get the panicles into the librational window in question and a good start for as small 
a perihelion distance as possible. 


Specific Predictions for the 2000 Encounter 


Bas«j or these calculates, we made the following spec, He pred, coons for the December 2000 
encounter (Jenniskens and Lyytinen. 2000): 

I) The most likely trail passage would be w„h the trail of 1405. expected to peak at 7:29 UT. 
From recent Leontd observations, we measured a factor of 4 wider trail in the plane of the come, 
orb,,, as schematically shown in Fig. 4 (Jenmskens & Gustafson 2001,. That put the Earth smack 
m the trad. Because the particles of the 1405 trail have relatively high Aa, they were expected ,o 

be smaller than dunng pas, outbursts in 1945 and 1986, perhaps rather near the visual detect.on 
limit under good observing conditions. 

2, If the dust trad width in the plane of the comet orbit is just a bit wider, the trade, of 1392 

ought show up at 8:38 UT. If so. these events probably would make a continuous profile 4-5 

hours wide, bu, could perhaps be recognized separately. Both events favored northern 

hemisphere observers ,n the America's. The Moon was out of the way providing for generally 
good observing conditions. 

The expected intensity of the shower was hard to predict, no, in the least because of the 

necessary influence of an A2 effect to have any activity a, all a, the time of the encounter. Both 

the histone 1945 and 1986 encounters had miss distances rD-rE < 0,001 AU. bu, the dust 

densities in the trad according to the mean anomaly factor (as reflected in the spreading of the 

panicles in Figures 5 - 7) seemed to be smaller than in this year. The density in the 1405 trail 

however, was relatively large. Because of that, we expected peak rates similar to past outbursts' 
of order 1 per minute. 


4) The 1378- dus, (a, 8:59 UT, could also not be ignored, albeit tha, the expected minimum 
distances are relatively large (Fig. 4,. There is some uncenainty in the 1378 trade, position 
because the A2 effect has no. been studied. This trad shows a relatively rapid increase of rD-rE 
towards the end ol 2000 (figure not shown). Since there are panicles around rD-rE = 0 only 
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about a month or two earlier, it may even be that the A 2 effect will help bring those near the 
Earth at the correct radii, if not otherwise. 


4. OBSERVATIONS OF THE 2000 ENCOUNTER 

In order to confirm the predictions, observing teams were assembled in California to deploy 
intenstfied-video cameras and photographic cameras at two separate sites for multi-station 
imaging. Low-resolution spectrographs were deployed as well, in the hope of comparing the 
physical properties of the Ursid meteoroids with those of the Leonids. 

In search of clear weather, the two sites were set up 1-hour drive further south than our usual 
observing sites south of the Bay Area. At Lake San Antonio just south of King City, Mike Koop 
operated four intensified video cameras (two aimed at 70° elevation and two at 30°, due East), 
Mike Wilson ran a CCD spectrometer, and Chris Angelos and Peter Gural operated a 13-camera 
35mm photographic setup and an all-sky intensified video camera for meteor timing. 74 km to 
the East, at a site south of Coalinga at the intersection of routes 33 and 41, Peter Jenniskens 
operated six intensified cameras (4 at 70 °, 2 at 25°East) and the low resolution slit-less 

spectrograph BETSY", while Ming Li and Duncan McNeill ran a second 13-camera battery. 
The radiant altitude was around 30°. 

In addition, video observations were performed from the Netherlands, in a project by Casper ter 
Kuile. Klaas Jobse, Robert Haas and Romke Schievink. The first three observers set up the 
cameras from their home locations in De Bilt (52 07'N. 5 IJ'E), Oostkapelle (51 34’N, 3 32'E) 
and Alphen a/d Rijn (52 09'N, 4 40'E), while Romke traveled to the Public Observatory Twente 
in Lattrop (52 25'N, 6 58'E). The radiant altitude was around 60° All cameras applied second 
generation image intensifies and Hi8 or digital camcorders. During the observations the cameras 
were pointed at the same spot in the atmosphere to allow for multi-station detections. The images 

from the camera in Alphen a/d Rijn were not reduced because of apparent misalignments of the 
camera optics. 
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In .he Netherlands v.sual observers noticed a gradual increase in Ursid rates, marking the onsei 
of the outburst (Figure 9. o). 15 Ursid orbits were calculated (Bctlem el al. 1999) and are listed in 
Table II. with a code name starting with "205". When twilight started interfering. California 
observers took over. Rates gradually increased, until a peak al about 8 UT. A total of 43 1 Ursids 
were detected in a single visual scan of the video tapes amidst 394 other meteors in a total of 
28.4 hours of effective observing time. From this data set. the best 42 video Ursid orbits were 
calculated between 6:45 and 9:08 UT. the bngh.es. only magnitude + 1. Results are listed in 
Table II under code names stanng with "207". Despite a significant effort, only two Ursids were 
photographed and both were not mult, -station and only just bnghl enough to be detected. Four 
Ursid spectra were recorded with the slit-less spectrograph, all faint. No Ursid was bnghl enough 
and well enough placed to give a good signal on the CCD spectrometer. 

Figure 9 shows the average number of Ursids counted in ten-minute intervals from eight 
independent cameras, six at the Coalinga site and two at the King City cite (-). These counts are 
scaled to the Zenith Hourly Rates calculated from visual observations in the Netherlands (o, left), 
and similar observations in Japan, calculated by Masaak. Takanash of the Nippon Meteor 
Society (NMS electronic circular Dec. 2000). Radio meteor scatter observations were provided 
by five stations of the Global Meteor Scatter Network (Jenniskens 1998b). 10-minute counts 
were obtained by Esko Lyytinen and Ilkka Yrjbla in Finland. Hiroshi Ogawa and Kazuh.ro 
Suzuk, in Japan, and Pierre de Groote in Belgium. The mean of those counts is shown as a 
dashed line m Figure 9 and corresponds well with the video and visual record. 


A Lorentzian curve fitted to the data gives a full width at half maximum of W = 0.09±0.0l 
degrees (or a duration of 4 - 5 hours) and a peak time at solar longitude = 270.780±0.005 
( -000), or 8h 06±07m UT. The peak activity appears to have been rather high, with ZHR - 90 
but the high magnitude distribution index and the low radiant altitude (26°) made this a much 
less impressive shower than the Perseids. From the ratio of sporad.cs and Ursids. we find r = 
3.5±0.5 before 8h UT and r = 2.S±0.3 after 8h UT. assuming all other meteors (sporad.cs) have r. 
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= 3.4 (Figure !0). For the high cameras only, we have r - 3.2 and r ~ 2.9 respectively. From the 
Lrsid count as a function o t magnitude, we have r - 2.6 and r ~ 2.4. with r s - 3.0, but this result 
is sensitive to the assumed magnitude range over which all meteors are detected. 

Physical Properties of Ursid Meteors 

The outburst Lrsids show various signs of a more than usual fragile morphology. This is a 
familiar property of recent Giacobinid ejecta (Draconids) and Tempel-Tuttle ejecta (Leonids). 
Apparently, this morphology is not much affected even after 44 revolutions or a total age of 
about 600 yr. in the interplanetary medium for an orbit with q~0.94. Specifically, we find that the 
Lrsid meteoroids do not penetrate as deep as observed for sporadic meteors and other showers at 
similar entry velocity. Beginning and End heights are summarized in Figure 11. The best Ursid 
spectrum at 08:24:54 UT (Figure 12) shows an early release of sodium relative to magnesium in 
a similar manner as observed before for the storming Leonids and Draconids (Borovicka et al. 
1999). It is thought that the sodium-containing minerals are exposed more effectively to the 
fmpinging air molecules, or the sputtering plasma, than in normal meteors. One explanation is. 
that the meteoroids fall apart in small fragments early on in their trajectory. 

Another interesting result is the relative strength of the first positive bands of nitrogen, which is a 
very sensitive thermometer for air plasma equilibrium temperatures (Jenniskens et al. 2000a): 

I(OI 777.4 nm)/I(N : 700 - 776 nm) = 8.85x10-14 exp (0.00676T) 

The presence of the N : bands (the diffuse emission between the Mg, Na and O lines) implies that 
the chemical equilibrium temperature for the N+N <-* N : reaction in the meteor wake is not much 
different from than observed in Leonid meteors that are double the speed of Ursids. While 

Leonid meteors of about magnitude -1 give T = 4,300±100 K. the spectrum of a +2 Ursid results 
in T = 4260± 1 00 K. 
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Urstd Trajectories and Orbits 


Radiant posit.ons (defining the onentation of the velocity vector) are most precisely measured. 
The distribution of radiants is significantly dispersed in Right Ascension and (less so) in 
Declination (Figure 13). There is no central cluster that is readily identified with the 1405 or 
1392 dust trails. There are some possible groupings or filaments, with a cluster of radiants at 
relatively low RA < 215 degrees and another grouping with DEC < 75.0 degrees. The median 
radiant position and orbital elements are listed in Table II. 


The speed of the meteors scatters around 32.7 km/s (Figure 14), but radiants with low Right 

Ascension have systematically higher velocity (34.2 km/s). Also, radiants from 1997 that have 

unusually high Right Ascension tend to have lower velocities (31.9 km/s). The speed of the 

meteors may contain a systematic error because there is an unknown difference between the 

mean velocity <V> and the entry velocity before atmospheric deceleration V inf . We have adopted 

a constant d.fference of V, nf - <V> = +0.34 km/s, consistent with other meteors of similar entry 
velocity. 

While the perihelion distance (q) and argument of perihelion (co) are mainly determined by the 
measured radiant position, the inclination (I), eccentricity (e) and semi-major axis (a) are mostly 
determined by the measured speed. Figure 15 plots the inclination versus perihelion distance for 
the most precise orbits (a i < 0.55 degrees). Only representative error bars are shown. The orbital 
elements of test particles representing the two dust trails of 1405 and 1392 are indicated with 
open symbols. The observed orbits scatter around the calculated positions of both trails, and not 
only around the 1405 trail. There is a separate cluster of orbits with significantly lower perihelion 
distance. Those correspond to the low RA < 215 degree (Fig. 13) and high velocity (Fig. 14) 
outlayers. Although these orbits were mostly observed after 8h L'T, they do not refer to the 1392 
dust trail, which has slightly larger perihelion distance than the 1405 dust trail. Rather, given the 
lower perihelion distance, we assume that they are due to even older trails. 
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The distribution with semi-major axis is shown in Figure 16. There is a strong concentration of 
orbits near 1/a = 0.2 i That peak is at a smaller semi-major axis than the expected value of J/a = 
0.1734 (6.7) or I/a = 0.1747 for the comet orbit. There may be further concentrations at J/a = 
0.28 and 1/a = 0. 15. If we allow for a systematic error in the velocity measurements, a correction 
to the geocentric speed of +0.29 km/s, -+0.8 km/s and -0.2 km/s is needed, respectively. Such 
differences are quite reasonable and may reflect variations in the particle surface-to-mass ratio or 
fragmentation properties. If so. then we find that the older dust trail meteoroids do not appear to 
contain grains with the highest surface-to-mass ratio. 


5. DISCUSSION 

Until now. the association of the Ursids with comet 8P/Tuttle depended on the comparison 
between Lrsid orbits and comet orbit, leading to disagreement between comet perihelion 
distance and comet node (Table II). That situation does not change with the new measurements, 
because the meteoroid orbits have to be different from the comet orbit in order to intersect 
Earth's orbit. However, now we can compare the Ursid orbits to the median orbit of the test 
particles in the 1405 dust trail model. We find good agreement in all orbital elements, within the 
error bars. The link between the Ursid shower and 8P/Tuttle has been established beyond doubt. 

The return of the Ursids demonstrates that the basic approach of current models is valid even for 
trails dating back as many as 45 orbital revolutions. We can not differentiate between the 1405 
and 1392 dust trails. The observations of node and orbital elements suggest that both trails 
contributed to the December 2000 outburst. The 1378 trail was not detected. The observed 
activity profile peaks exactly in between the predicted times for the 1405 and 1392 dust trails, as 
expected if both trails contribute to the profile, and the radiant position scatters around the 
expected positions of both trails. Indeed, the magnitude distributions may suggest a slightly 
brighter 1392 component after the peak. If both trails were present and the peak times were 
correct, then they contributed equal amounts within - 30<7r. The activity curve is not double- 
peaked, which puts the width of each trail (assumed to be equal) to W = 0.06±0.0I degrees The 
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If .. w . Table II 

Ursid orbits (J2000) from the 1945 outburst [Ceolecha 1951 rM . a | r „i a . A/41 . . 

U “ ,W7 «"* « JenniskeiL, M. m I ^ t C ‘ ,lf0n ’“ 


Ycar 1945 8P/T uttlc 

3 single station 1994 
(aphelion outburst) 

Date Dec. 22.773*0.051 June 17.0 
RAgeo 217.06*0.07 
DECgeo 75.63*0.05 
V geo 33.47 (assumed) 
a 5.716 (assumed) 5.671775 

e 0.8363±0.0015 0.824088 

q 0.9357*0.0002 0.997732 

•ncl 53.10±0.03 54.69254 

to 206.73*0.04 206.7028 

D 271.35*0.05 270.5487 


1997 (Filament) 2000 
median of 10 orbits 59 orbits 
(perihelion outburst) (aphelion outburst) 

Dec. 22.434*0.057 Dec. 22.32*0.06 
222.1*4.2 219.0*4.6 

75.0*0.5 75.3*1.8 

32.25*0.87 33.05*1.1 

4.62*0.93 4.673*0.98 

0.795*0.040 0.799*0.053 

0.944*0.006 0.940*0.009 


51.5*1.1 

204.9*2.0 


52.5*1.9 

205.9*2.8 


270.64*0.06 270.76*0.06 


2000 
1405 trail 
model 

Dec. 26*3 


5.793*0.002 

0.8378*0.0001 

0.9398*0.0006 

52.96*0.02 

205.68*0.1 1 

270.7579*0.0044 
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Figure 7 - As figure 5. for the 1405 dust trail 
(2000.975) return. 


as encountered during the December 22. 2000 
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Figure 8 - As figure 5, in a compilation of all test particles for the trails of 1365, 1378 , 1 392 and 
1405 . Resonances effectively confine the dust to a narrow stream seen only in December 2000, 6 
years after the comet s ecliptic plane crossing (comet symbol). 


34 





Time (Dec. 22, 2000 - hr (JT) 


™*<* forward meteor scatter data 
«« dust Ira i, s is L&ated ' aC, ' V ' Iy ' Thc "P— P«ak time for ,he 


35 


I 



o 


t 


c/) 



0 1 2 3 4 5 6 

Magnitude (V, apparent) 


Figure 10 - Apparent magnitude distribution as manifested in 
tor periods prior to (•) and after (o) 8h UT (all cameras). 
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Figure 12 • Compilation of the video spectrum of the rr r r tt j 
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Figure 14 - As Figure 13, for the distribution of meteor speed with radiant Right 


Ascension. 
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Reciprocal semi-major ax 


Figure 16 
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Symbols as figure 13, for the distribution of semi-major axis 


versus perihelion 





